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1. INTRODUCTION

The purpose of this review is to examine the current status of advanced infrared (IR) detector materials.
An overview of the requirements of the detector material and focal plane processing is followed by a
discussion on the present status of advanced IR semiconductor materials and their application to
photodetectors.

Infrared detectors can be separated into two classes. The first type can be classified as a "thermal”
detector where a material property (eg resistance) varies with the temperature of the detecting element.
These devices effectively operate in two "steps” where:

(1) the detector material absorbs infrared energy causing a temperature increase, and
(2) the resultant temperature change is measured as a temperature dependent material property.

The infrared signal is measured through the variation in the material property. This two "step” operation
has disadvantages, notably in response time and sensitivity. Its main advantages are its broad spectral
coverage and possible room temperature operation.

This is in contrast to the second type of infrared detector that utilises "photon” or photosensitive
materials. "Photon" detection refers to materials that generate electron/hole pairs from the direct
absorption of infrared radiation. This generated photo current or photo voltage is used as the infrared
signal measurement. The advantages include a fast response time and high sensitivity, but it has the

disadvantage that room temperature operation is difficult due to high thermal noise levels.

Direct detection of photons requires the energy gap of the material to be less than the photon energy. For
infrared wavelengths the photon energies are, for example, 0.25 eV at 5 um and 0.1 eV at 12 pm.
Because thermal energy, kT, at room temperature is approximately 0.025 eV, a significant fraction of the
energy gap required for IR detection, "photon” detectors need to be operated at low temperatures in order
to minimise thermal noise. The narrow energy gap is either a characteristic of the semiconductor material
or generated in multilayer devices. Two types of multilayer structures are used, these being strained layer
superlattices where the energy bands are altered by the effects of strain, or multiple quantum wells where

the energy bands are engineered, both to allow absorption at the required wavelength.

In the rest of this report it is intended to concentrate mainly on photosensitive materials. A number of
reviews on the cument status of bolometer detectors are available [56.57}. For many applications,
bolometer detectors meet the system requirements and should not be discounted. In addition, the section
on focal plane processing in this report can apply to bolometer detectors as well as photosensitive

detectors.
The probable requirements for infrared image detection in the future can be summarised as follows:
(a) large format staring arrays (l()“ - 109 elements) operating at TV frame rates.

(b) large linear arrays (480 x 4 and up t0 4096 x 4 elements) for wide field of view.
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(c) multi-spectral (3-5, 8-12 um) and multi band (UV - IR, IR - mm-wave) operation to increase
detection probability, reduce false alarm rates and perform automatic target
detection/recognition (ATDR),

(d) focal plane processing for real time image analysis/identification,

() near room temperature operation,

The detector material in this generation of IR system |1,2,3} is the critical factor linking detector array,
IR detection system and manufacture as shown in Figure 1. As a prerequisite, high quality semiconductor
material will be required for the detector array. Sensitivity, spectral band, noise spectrum, spatial
uniformity, input power and reliability are system parameters with a direct relationship to the IR material.
As a consequence the manufacturer of the detector module will need considerable expertise in
semiconductor processing; firstly to make the detector array, secondly to enable data manipulation in the
focal plane and finally to output the results to the display electronics. For example, in the hybrid
technologies the detector material and the readout electronics are generally different semiconductors and
the two have to be bonded together, thus introducing material compatibility complications.

Manuf . .
cost cooling number of elements
availibility sensitivity signal processing
testing dynamic range

on chip processing,
temperature, defect density

IR MATERIAL

wafer size, uniformity, e

Figure 1 Infrared material and links to the IR system

Operating temperature and spatial response uniformity are two of the most important parameters in
detector systems. These two areas will be discussed in general followed by a short discussion on focal

plane processing.

2. INFRARED DETECTOR OPERATION AND PERFORMANCE.

2.1 Noise considerations.

Before discussing the operating temperature or spatial uniformity of IR systems. the basic limitations on
detection needs to be considered. Ultimately the performance of an IR sensor is limited by variations in
the photon background statistics, manifested as a variation in the generation/recombination (GR) rate.
and more commonly referred to as Background Limited Infrared Photodetector (BLIP) performance.
Other noise sources. for example internal GR. Auger sources and 1/f noise, are sensor dependent and can

be minimised by reducing unintentional dopants in the semiconductor (impurities or vacancies) or by

9
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reducing the sensor operating temperature. A commonly used figure of merit for an IR sensor material is
the detectivity (D*) which reflects the measured signal to noise ratio under specified conditions of IR
flux and field of view. D* is normalised with respect to bandwidth and detector area, being defined as:

D" =(AAf)"*/NEP o

where A is the detector area, Af the bandwidth and NEP the noise equivalent power. The NEP is defined
as the required level of power, within a specified spectral band, incident on the detector to obtain a
ph- Jn signal level equal to the electronic noise level. For a photodiode detector, and ignoring 1/f noise,
equation 1 can be written as [2,58];

D" =n(n®, +2kT/q?R A +g,d) " /VZE, @

where 1\ is the quantum efficiency, E, the energy at wavelength A, @, is the background photon flux. k is

Bolzmans constant, T is the device temperature, q the electronic charge, gy is the electron-hole
photogeneration rate density and d is the photodetector thickness. R, is defined as the zero bias
impedance of the diode. The first term is photon background noise and the second the Johnson noise.
Typically measured D* values for the 3-5 and 8-12 pm spectral bands with ambient temperature
backgrounds are on the order 101! cm Hz!/2W-! and 1010 cm Hz/2W-! respectively.

For an ideal detector with no Johnson and thermal generation noise, the detectivity is limited by the
photon background and is given by;

D; =(n/®, )" 1V2E, 3

BLIP performance implies that the device noise sources can be reduced below the photon noise level
(equation 3). In some applications this places extremely low limits on the internal noise level which, as a
consequence, requires junction and material properties at or beyond current state-of-art. For a photodiode
the noise sources can be dominated by Johnson noise: that is. the photogeneration and photon
background noise can be neglected by comparison. In this situation the detectivity can be approximated
by:

D; = nq (R,A/kT)**/2E, @)

In the Johnson noise limit for a photodiode (equation 4) the detectivity is proportional to (R A 0.5, For
hybrid focal plane arrays this must be large. not only for sensitivity, but also for coupling to readout
circuits. For cadmium mercury telluride (CMT) R A is approximately 105 Qcm? for 3-5 um and 10 Q
cm? for 8-12 um operation [2}].

2.2 Operating Temperature.

As stated earlier. the semiconductor band gap has to be smaller fo aliow detectors to function at longer

wavelengths. and is almost the same order of magnitude as the thermal energy kT at room temperature.

UNCLASSIFIED 3




SRL - 0117 -RR UNCLASSIFIED

In Table | the semiconductor cutoff wavelength is presented as a function of temperature for a number
of materials. In part, this table shows that for long wavelength operation low temperatures are required as
expected. The cutoff wavelength for any particular material also shifts as the energy gap varies with
temperature. The operating wavelengths of strained layer superiattices and multiple quantum wells vary
depending upon the structure but require low operating temperatures.

Table 1. Detector cutoff wavelength for various materials

Detector Wavelength _Limit (um)
Temperature K 300K 190K 80K 1.5 -60K
PbS 3.0 33 3.6 -
PbSe 44 54 6.5 -
InSb 7.0 6.1 5.5 5.0
PtSi - - 48 10- 16
PV CdHgTe 1-3 1-5 3-12 12-25
PC CdHgTe 1-11 3-11 5-25 -
GaAs/GaAlAs type MQW - - - 9
InAs/InAsSb type SLS - - - 8§-14
InP/InAsP type MQW - - 7-12 -

The need for cooling depends on the material and the operating wavelength. In general. to operate at
temperatures where thermal noise is not a problem, temperatures less than 80K are required for detectors
in the Long Wave (8-14um ) IR and in the Very Long Wavelength (14-30ium) region. In the Medium IR
(3-5um ), operation up to 190K is possible with some materials. At Short Wave IR, room temperature
operation is normal. Photoconductive (PC) cadmium mercury telluride (CdyHg;_4Te. x ~ 0.167) has a
LWIR cutoff at room temperature; however, operation is typically at low temperatures to reduce thermal
noise. Further, this type of detector is not amenable to large array fabrication due to power dissipation
problems (all of the individual detectors need to be biased) and the difficulty of interfacing to read-out
structures. Because of these problems. photovoltaic (PV) material is generally used for large staring

arrays.

2.3 Techniques to increase the operating temperature.

A number of techniques have been used in attempts to raise the operating temperature of two
dimensional arrays and thereby to reduce the requirement for large power-consuming cooling devices.

The main two which have the most promise for 2D arrays are discussed below.
2.3.1 Micro lens arrays (optical immersion).

With IR detector arrays the diode junction cannot occupy all of the available space on the chip
surface. Diodes need to be isolated from each other and some area may be required for signal

processing. Because of these factors the detector fill factor can be as low as 10%. This results in
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a loss of IR signal. By using lenses to focus the IR radiation onto the junction this signal can be
v recovered. Secondly, the R A product of the diode is increased through the effective increase in
junction area. This leads to an increase in the detectivity (equation 4) for the detector.

The lens arrays are micro fabricated in silicon, gallium arsenide (GaAs) or cadmium telluride
(CdTe) at the same spacing as the detector elements {5,6,7,8,59]). They are bonded to the

detector array and serve to increase the effective detector area (Figure 2). Lens plates have been 1
made by two processes. In the first, a photoresist layer is etched and thermally shaped into
lenses protruding from the substrate. This shape is then transferred by controlied milling. In the
second technique, photoresist masks and etching are used to form a lens with a series of steps ¢

etched directly onto the substrate. Unless these processes are accurate, only limited gains will be
achieved. Lens aberration will defocus the beam and reduce the power incident on the detecting
element, defeating the purpose of the microlens.

objective lens (Fno)
( |

— v T 1

detector element array
Figure 2. Microlens array. ‘
Considering a square microlens (side p, refractive index n and Fno of the objective lens)

concentrating the incident radiation onto a square detector (side s), the area gain is:
. 2 2 2
areagain = p°/s” = (p(n-l)Fna) 3)

The maximum gain is limited due to total internal reflection at the lens/detector interface as
governed by the refractive index of the glue [6,8] used to bond the lens plate to the detector

array. In this case the area gain is given by:

area gain (glue limited) = (2"g|..f"a )2 (6)

If the refractive index of the glue is 1.5, the area gain is limited to 17 for an f/4 system. Results
for an optically immersed CMT array {8] with photocurrent gains of around 10-12 are less than
expected and further work is required to approach the theoretically expected gain. Epitaxially q
grown lenses, or lenses fabricated in the detector substrate. will overcome the lens/glue/detector
interface limitations. In this case. maximum gains of up to 100 may be possible {6]. For a CMT

MWIR array a gain of 50 would lead to an increase in D* of approximately 7 (equation 1) or
alternatively to an increase in the operating temperature from 150K to 245K for equivalent noise 4
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performance. A microlens fabricated in CdTe with an epitaxially deposited CMT detector {59]
gave approximate photocurrent gains of 2-3 at 30°K. This is less than expected with alignment
errors, lens fabrication irregularities, no IR coating and the low operating temperature all
contributing to the lower gain. A further feature of using a microlens is to provide some
protection to the IR array from y-rays by reducing the effective detector area (9). The lens
structure also offers a measure of mechanical protection.

Electronic non-equilibrium techniques.

A number of electronic material techniques {10,63], as distinct from signal processing
techniques, have been investigated to reduce device noise to BLIP level by reducing the noise
(Auger, internal generation / recombination) sources. It is then possible to raise the operating
temperature until the noise floor begins to limit the device operation. In general, high quality
material is required to implement these techniques.

(1) Multi layer structures.

In the first technique a multilayer structure with different dopants is formed in the IR
semiconductor [10] (Figure 3), the effect of which is to reduce the electron and hole
concentrations from their intrinsic values to levels typical of extrinsic conditions. This achieves
two results: firstly, conduction processes in the devices are controlled by the dopants and
secondly, the leakage currents and consequent noise are reduced by suppression of the dominant
Auger generation mechanisms. The device is then a minority carrier extraction diode based on
near intrinsic p-type material. The technique does require the semiconductor to be very pure and
defect free so that excess carriers do not dominate the noise process. The junctions formed in

the semiconductor may be either p*mn* or prp where :

p*> n* are heavily doped p or n layers,
7t is p type doped to near intrinsic, and

P, D are wide gap p, n material respectively.

The technique is applicable to narrow gap semiconductors and can be implemented with
Molecular Beam Epitaxy (MBE). The principal of operation is to reduce the number of free
carriers in the nt (detection) region to very low levels. This has the effect of reducing the noise
sources. At temperatures where the % region is near intrinsic and under reverse bias, minority
carrier extraction occurs at the © n* (r p) diode junction resulting in a large reduction in carrier
density in its vicinity. The p* (p) material forms an excluding contact to the ® material

preventing the injection of electrons to replace those removed at the diode junction.
A four layer device[10] (p*prn*) has also been constructed in InSb/Iny_, Al, Sb. A thin p layer.

typically 0.02 pum, forms a potential barrier and further reduces tunnelling from the p* region.

Because of this, the electron density drops by several orders of magnitude throughout the nt
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region. The hole concentration must do likewise, to maintain charge neutrality and to
consequently reduce noise sources. InSt/In;_,Al,Sb multilayer diodes grown by MBE have
been shown to bave the same performance at room temperature as conventional diodes that are
cooled cryogeaically.

Current state-of-art CMT materials technology, - namely, MBE, Liquid Phase Epitaxy (LPE),
Vapour Phase Epitaxy (VPE) and bulk growth - has not advanced sufficiently to reduce the high
intrinsic conduction levels sufficiently to allow the construction of the two terminal (three layer
Figure 3(a)) or four layer Figure (3(b)) devices. However, a three terminal device Figure (3(c))
has been fabricated in CMT [10]. The extra diode junction formed acts as a sink for electrons,
reductions in leakage currents through the detector junction of up to 50 having beea observed.

(a) 3 layer device
Exclusion Extractioo
- S
-ve pog 7 p o e
B — b+ « b+ a
(b) 4 layer device
T i
= p+ Rt l [ 4 n+
H |
(c) 3 terminal device
+ve
ﬁr L,
o
. —e > = | e -
—he P o he
| |
Pseudo - Exclusion Extraction

Figure 3. Schematic non-equilibrium diode structures showing (a) two-terminal exclusion-
extraction (3 layer device), (b) 4 layer device and (c) three-terminal proximity extraction
devices.

(2) Time Delay Integration and SPRITE detectors

Time Delay Integration (TDI) and Signal PRocessing In The Element (SPRITE) are two
electronic means for integrating the IR signal in the detector element and thereby improving the
signal to noise ratio. TDI works by summing adjacent elements in an array (eg 128 x 4) as the
IR signal is scanned across the 4 elements. The signal from adjacent elements across the array is
delayed by the scan time between elements (Figure 4). This results in an output signal larger

than obtained from a single detecting element. resulting in improved signal to noise ratio.
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D -
Signal out
Detector
Elements
IR image scan direction

AN
7
Figure 4. Schematic TDI scan geometry. D is the Dwell time.

SPRITE detectors were developed to perform the integration in the detector element and not
externally as in TDI. A long thin element is used and the IR signal is integrated as it scans the
length of the element (Figure 5). In SPRITE elements the scan rate is set equal to the carrier
drift rate. ’
signal out

bias current D _9

: drift

>y
/

scan direction
Figure 5. Schematic SPRITE element. The carrier drift rate equais the image scan rate.

Both techniques are only possible in linear arrays and cannot realistically be implemented in 2D
staring arrays. Further, for the SPRITE configuration, (which is only applicable in ’

photoconductive detectors), the microlens technique is difficuit to implement.

(3) Magneto concentration ‘

This technique is based on the magneto concentration effect {11]. A magnetic field is applied
normal to the electric field (bias field), the action of the Lorentz force causing the transport of
holes and electrons to the backside of the detector thereby resulting in a depletion across most
of the semiconductor (Figure 6). Theoretical calculations show a marked increase in the ﬂ
normalised detectivity, leading to higher temperature operation. An added complication is the
application of a magnetic field to the detector. Again this is only applicable to photoconductors.
This structure has been implemented in an InSb PC detector [62] and resulted in a
photoresponse gain of approximately 10 for an electric field (E) of 30 V/cm and magnetic field q
(B) of 1.5 Tesla.

hv

=L 1
. e N\

charge carriers deflected to backside

Figure 6. Schematic diagram of magneto concentration detector. 1
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In summary, the combination of the electronic non-equilibrium noise reduction techniques and gains
made by optical immersion (microlens) appears promising for the production of detectors that will
operate at higher temperatures. Near BLIP performance is expected to be achieved at 250K for 3-5 um
InSb detectors thus enabling simple thermoelectric cooling. Higher temperature operation in CMT is
more uncertain as material problems make electronic nom-equilibrium noise reduction techniques
difficult. The techniques do, however, still require extensive materials development and processing
advances. For 8-12 um CMT detectors, it is expected that low temperatures, (< 200K [8]), will still be
required due to the higher intrinsic thermally generated noise.

3. FOCAL PLANE PROCESSING

Focal plane processing (FPP) is a new and developing area for IR detectors and is expected to be an
important component in the next generation of IR sensor systems. Table 2 indicates some of the
applications leading to on-chip signal processing requirements. The sensor processing requirement is
related to the generic application. For example, information.from multi-spectral arrays will be needed to
improve the detection probability, reduce the false alarm rate and to discriminate the target from the
background or other targets/decoys. On chip image processing will enable optimised iniormation
processing and possible autonomous operation.

Table 2. Applications and Requirements for focal plane processing.
Generic Applicati S p ing Requi

Long-range surveillance Multiple high density arrays with individual sensor selection

Autonomous recognition On-chip image processing

Target discrimination Multi-spectral processing

Reai-time decision-making High speed readout

Variable background operation Adaptive signal conditioning at the detector
High reliability, lightweight On-chip clocks and bias circuits

An initial use of FPP is nonuniformity correction (NUC) since spatial response nonuniformity is one of
the crucial limiting factors in detector arrays. Nonuniformity correction leads to signal processing
overhead, to increased power consumption and a reduction of the sensor's dynamic range. Residual
nonuniformity ultimately limits the signal to noise ratio of the imaging system. For example, in high flux q
conditions the nonuniformity dominates the signal to noise ratio to such an extent that a detector
characterised by a low quantum efficiency but high pixel uniformity (1%, 0.1% respectively) will out-
perform a system with high quantum efficiency but poor uniformity (100%, 1%) [4]. In low flux
conditions the quantum efficiency limits the sensor performance. With more uniform material, the ﬂ

processing capability no longer required for NUC could be used for image processing.

Device geometry precision requirements can also contribute to pixel-to-pixel nonuniformity. A critical

dimension can be defined from the combined errors arising from the mask alignment inaccuracies. q
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photoresist exposure and development, device etching and other processes which lead to device geometry
variations (4]. For example, for a detector optical area of 104 cm? (0.01 cm sq pixel) characterised by a
critical dimension of 1 um, the uniformity is limited to at best ~ 2%. At preseat, PtSi detectors appear to
be limited by photolithography accuracy, PV CMT is limited by device geometry while InSb detectors
fall somewhere between these two [4]. Self alignment techniques are improving this accuracy. CMT also
has material problems such as composition inhomogeneity which lead to large variations in response
which can swamp the geometry variations.

Standard NUC techniques involve calibrating each pixel with gain and offset adjustments using a
reference temperature source. Usually the correction factors need to be re-calibrated after a short period
of time due to system drift or changes in the background level. Focal plane processors can be
programmed to correct for pixel variations: however, adaptive [12] techniques have been proposed when
recalibration is a problem. Adaptive techniques that have been considered are a high pass filter or neural
networks {13,14,15]. A high pass filter generates a running average of the signal from each detector
element in order to smooth out noise fluctuations. With a neural network, local neighbourhood sums are
compared to pixel outputs in order to compute non-uniformities. Experiments have shown that these
techniques can provide better sensitivity and thereby increase the operating dynamic range. Neural
networks also offer the possibility of considerable image processing in the focal plane; for example,

implementation of target recognition algorithms. Recent neural network developments include the silicon
retina [61] in which some of the processing capabilities of the eye - background subtraction, edge
enhancement and movement detection - have been implemented for optical wavelengths. Extension to IR
wavelengths could be achieved by incorporating IR detectors.

With narrow gap semiconductors such processing is difficult to implement, necessitating the mating of
the detector array to the processing electronics which is fabricated in a different material, typically

silicon or possibly GaAs. However, a number of techniques are feasible including:

This is possible in MBE systems where lattice matched or graded buffer layers are grown
between a substrate and detector material. Problems still occur in delamination of layers caused
by stress build up, thus limiting the physical size. Multiple Quantum Wells (MQW) in GaAs are
an exception where the detector and electronics can be the same material. Such detectors.
however, require very low operating temperatures. Figure 7(c) shows a wire bonded architecture
suitable for linear arrays. Front sided illumination for wire bonded linear arrays increases the
available semiconductor processing area. 2D arrays are also possible with the loophole structure q
shown in Figure 7(e). In this arrangement a detector layer is bonded onto the readout
electronics. A detector array is fabricated by ion-milling an array of holes. or interconnects.
through to the underlying electronics. The ion-milling produces the detector diode by ion

implantation, metallisation being needed to complete the circuit. The diodes thus formed are not ﬁ
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uniform and lead to some array uniformity problems. Secondly, it is also difficult to construct
» multiple layers for electronic non-equilibrium noise reduction schemes.

) Bonding of the d he ¢l .

With these hybrid technologies (Figure 7(a,b,d)), the detector array is bonded with indium
contacts to the electronics. A 2D array of indium bumps, coincident with the detector elements,
is deposited on the detector array. A second indium bump array of the same dimensions is
deposited on the readout electronics, the two surfaces being mated together with temperature
and physical pressure. The technique suffers from the mismatch of the different materials,
limiting the array size and the available processing "real estate”. Backside illumination (that is
through the substrate which could be a microlens) is possible for these arrays. This has
limitations on semiconductor "real estate” for signal processing (Figure 7(a)) but can be
improved by using a fanout architecture (Figure 7(b)). A further technique which offers
extensive processing area is the Z-technology where the detector is bonded to a stack of
processing electronics. Limits occur due to material mismatch and to the thinning of the
individual processors in the stack. The Z-technology is one approach used for neural networks
as it provides considerable semiconductor real estate in a 3-dimensional structure which can

facilitate the interconnects.

(a) (b)
substrate

- il I I I B

(d)

substrate

(e) ion milled holes (diodes formed with ion implantation)

diodes metallised through to Si electronics glue layer

il

Figure 7. IR detector readout architectures: (a) direct hybrid, (b) indirect hybrid, (c) planar wire *
bonded, (d) Z technology, and (e) loophole.
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As stated earlier, high quality detector material will be a critical component in the next generation of
photosensitive IR detector arrays. The materials in question in this report are: 11-VI (CdHgTe), IlI-V
(InSb & GaAs), IV-VI (Pb - chalcogenides) and some silicon based devices. These materials are narrow
gap semiconductors with the exception of GaAs and Si. For the 1I-VI and IV-V] materials the band gap
depends upon the composition, allowing the IR cut off wavelength to be tuned. InSb has a fixed gap with
IR operation in the MWIR band only. Superlattices can, however, be made from alloys of this material
{InSt/InAsSb) to allow LWIR operation. GaAs functions as an IR detector in the MWIR and LWIR
bands when multiple quantum well structures are used.

4.1 Il - VI (Cadmium Mercury Telluride)

Cadmium Mercury Telluride is an important semiconductor for IR detectors due to the band gap tailoring
that can be achieved by suitable composition. This allows material to be made sensitive in the 3-5 pm
and 8-12 um bands or at other IR wavelengths between 1 and 25 pm. A number of materials exist which
have similar MWIR performance but lesser material problems than CMT. The principal advantage of
CMT is that detectors in the 8-12 um band are available. This band is important in environments where
dust and smoke obscure targets. Typically the transmission of LWIR is superior in these situations.

Photovoltaic (PV) detector diodes are preferred for large 2D arrays because of the low power
consumption (hence less cooling needed), compared to phot-conductive detectors which require biasing
currents. From Table 1, it can be seen that PV CMT detectors need to be operated at low temperatures to
reduce noise, although the techniques described earlier can be used to improve this for arrays. For
example, Jones [8] et al bonded a microlens array on to a 128x1 CMT diode array and reported

photocurrent gains of 10 to 12.

CMT does suffer formidable material problems [29] (nonuniformity, inhomogeneity, high defect density
and impurities), although a considerable amount of work has gone into improving the crystal quality. A
major problem is the level of mercury vacancies which results in p type material with a high background
of carriers. This can be considerably reduced by annealing the epitaxial layer in a mercury vapour at 400-
500°C. The purity of the Cd and Te source materials also needs to be improved so that the unintentional
doping can be reduced. The reduction in mercury vacancies and unintentional doping is crucial to
increasing the minority carrier lifetime for optimal device performance and for allowing the construction

of multilayer structures which allow the operating temperature to be increased.

Stoichiometry is also very important as any deviations result in modification of the carrier concentration
leading to poor spatial response uniformity. Consequently, detectors with low sensitivity but which are
highly uniform, (for example. PtSi) can out perform the more sensitive CMT. There has been
considerable research effort directed towards overcoming uniformity/homogeneity problems. A source of

high compositional homogeneity CMT is from MBE. although this material still suffers from excess Hg
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vacancies. LPE produces materials low in Hg vacancies due to the in sity mercury annealing that occurs
v during growth. However, this material has poor compositional homogeneity. In sifu annealing with Hg
vapour in the MBE chamber is very difficult. Post growth annealing may alter the introduced dopant
councentrations and distribution, and consequently degrade the detector performance. Electronic means
have been used for uniformity correction; that is, post detection amplification and offset which reduces
the dynamic range of the system. ‘

A number of 2D PV CMT arrays have been made, generally with backside (through the substrate)
illumination. Front side illumination with wire bonding has been used for linear arrays. In the 3-5 pm
band, operation at around 200K is possible while the 8-12 um band requires cooling to 80K. Table 3 lists d
some of the arrays that are presently available in PV CMT. A large number of arrays with other formats
have also been demonstrated [34] including; 32x1, 48x4 (TDI), 252x4 (TDI), 2x64 bi-spectral, 32x32

staring and 64x64 staring.
Tabie 3. Performance of some CMT arrays q
Ay Ref A T op D" (300K) | NEAT Readout
~ pm K cm Hz12w-! K
288*4 TDI 10.310.1 77K 1.7x 1011 Direct CCD
240*4 TDI 100<A< 77K >12x 101! q
10.5
128%128 Staring | 35 5.240.1 77K 32x 101l 12mK Si CCD In bump
bonded
128*128 Staring | 35 3.240.1 200K 7 x 1011 130mK Si CCD In bump d
bonded
128*128 Staring | 60 ~4.5 180K 1011 <0.1K CMOS
128*1 optically | 8 12.0 77K 1.9x 1010 measured photocurrent
immersed (500K) gain of 10 q
128*1 optically | 8 9.0 192K 17x109 measured photocurrent
immersed (500K) _gain of 10
256*256 staring | 27 49 80K 1.17x1012 | 9mK | hybrid CMOS In bump
bonded #
TDI : Time delay integration. A : cutoff wavelength
D" : For 30° FOV and Ty, = 300K. NEAT: Noise equivalent temperature difference of system.

The band gap tailoring also allows for the possibility of multi-band detection within the one detector by
varying the composition. For example, a triple layer (n-p-n) heterojunction has been made with a hybrid
MBE/LPE (Liquid Phase Epitaxy) growth technique [16]. The two back-to-back diode junctions (p/n) are

of different composition and consequently of different cutoff wavelengths. By biasing the junctions
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sequentially two colour detection is possible. A further technique is to use etching to produce side-by-
side detectors but this has the disadvantage of a reduced fill factor and non-overlapping detectors.

Other mercury-based semiconductors — Mercury Zinc Telluride (MZT), Mercury Manganese Telluride
(MMT) and Mercury Cadmium Manganese Telluride (MCMT) — are also promising materials
(11,45,46" In particular, the dilute magnetic semiconductors (DMS), MMT and MCMT (manganese is a
magnetic atom which leads to spin-spin exchange interactions between the localised magnetic moments
and the band electrons) appear to offer some improvements in detector performance and fabrication
compared to CMT. The materials have similar sensitivity and detectivity to CMT, they can be band gap
engineered via composition changes for particular cutoff wavelengths and the R_A product (see equation
1) appears to be superior. All of these factors should lead to better device performance. The DMS also
have the possibility of magnetic tuning of the band gap due to the presence of manganese. The materials
have crystal growth problems similar to CMT in terms of unintentional doping and mercury vacancies.
However, it is thought that MZT and MMT would be more stable and that lattice matching to substrates
is not as difficult as for CMT. Techniques similar to those employed for the growth of CMT are required
for fabrication of detector arrays.

In summary, CMT and the other mercury-based semiconductors offer advantages for IR detector arrays
at elevated temperatures. The flexibility of the material also allows multiple wavelength operation. The f
8-12 pm band will probably be the wave band where CMT will find the greatest application. The main
material problems appear to be the high intrinsic noise level primarily caused by Hg vacancies, material
nonuniformity and the long term material stability. Annealing in Hg vapour has been shown to reduce the #
number of vacancies and the unintentional doping to low levels. In situ annealing (in the MBE chamber)

appears difficult and other techniques may have to be found. Interfacing to readout electronics is a
further problem which is limiting detector array areas to less than 1 cm?. Epitaxial deposition on Si or
GaAs substrates is hoped to overcome this problem. Multiple quantum wells (see next section) should *
also be possible once the problem of excess intrinsic noise is overcome. With the application of
electronic non-equilibrium techniques and optical immersion, high temperature operation (~250K)
appears possible for the 3-5 um band. Higher temperature operation (> 80K) for the 8-12 pm band

appears more difficult. ﬂ
4.2 I - V (Indium Antimonide, Gallium Arsenide)

(a) Buik material
A number of III-V materials have been used for IR detectors in a number of configurations. 1II-V q

materials have been used in hetero-structures, as strained layer superlattices and in multiple quantum
wells. The primary [1I-V compound presently used in large arrays is Indium Antimonide (InSb) which
has a cutoff wavelength of 5.5 um. Indium Arsenide (InAs) with a cutoff of 3.5 um has also been used

but is obviously limited in use to the low end of the MWIR region. Both compounds require cooling to ‘
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around 80K and offer excellent performance. In general InSb is highly uniform and, combined with a
well understood device fabrication and materials processing technology, leads to arrays with excellent
spatial uniformity with quantum efficiencies greater than 50%. InSb also has smalier leakage currents
than CMT across the diode junction and lower Auger recombination rates leading to lower noise levels.
Large arrays up to 640 x 480 have been made for both high background operation or low background
astronomy applications. Table 4 indicates some of the properties of typical arrays.

(b) Hetero-structures

Due to the intrinsic purity of InSb, electronic non-equilibrium noise reduction betero-structures
comprising InSt/Inj_, Al Sb layers (Figure 3) can be made [10]. As the temperature increases the 3 & 4
layer structures perform much better than the normal (2 layer) diodes. For example, the p*rn* (3 layer)
has to be cooled to 250K and the mn* to 180K to achieve the same performance as the p*p*mm*
structure at room temperature. The high uniformity of these detectors is an advantage over other
materials. However, their operation will still be limited to the MWIR band and two colour detectors
cannot be made.

Room temperature In, Gag_yAs detector arrays for 2.5 pm (SWIR) have been made. These detectors are
made by epitaxial deposition of graded hetero - structures on InP substrates [22]. Linear arrays with up to
256 elements with response between 1.7 and 2.5 um and a quantum efficiency around 70% have been
constructed. Their advantages over other material in this region (PbS, PbSe. CMT, InSb & InAs) are a
continuously adjustable band gap and the lowest dark currents. CMT has a variable band gap but has
materials problems at this wavelength.

Table 4. InSb type detectors.
Array Ref A Top ¥ NEAT Readout
pum K cm Hz!/2w-1 K
InSb 128*128 19 1-55 80K >4x 1011@80K | 10mK
Staring >5 x 1012@60K
InSb 64*64 Staring | 18 1-55 80K Si Hybrid Bump
bond
InSb 1*128 43 3-5 80K 40mK | Wire bond to Si
multiplexer
InSb 1*128 17 33-55 60 - 120K 143x 10!! Wire bond to
multiplexer
InSb 256*256 47 12-54 50K Si multiplexed
In bump bond
InSb 256*256 32 1-55 80K >4x 1011 @80K | 10mK | CMOS in bump
>5x 1012 @ 60K bonded
UNCLASSIFIED 15
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(c) Strained Layer Superlattices

Superiattices have been proposed as an alternative device structure for IR detection. It is anticipated that
superiattices would offer some advantages over "bulk” structures for IR detection. These include:

(i) higher degree of uniformity;

(ii) smaller leakage currents due to the suppression of tunnelling;

(iii) lower Auger recombination rates in some superiattices;

(iv) well understood device fabrication and materials processing technology.

These advantages have not been realised as yet due to the difficulty in making the superlattices. Initial
efforts have been with HgTe/CdTe layers. Significant interest has now been shown in InSb/InAs;_, Sb,
and Ga).xIn,Sb/InAs strained layer superlattices with band gaps corresponding to wavelengths greater
than 10 pm reported and it has been estimated that 14 pum band gaps may be possible [20,21]. Strained
layer superiattices (SLS) are made by epitaxial deposition of multiple (up to 50) alternate thin layers (2.5
-7 nm) of semiconductors with slightly different lattice parameters. The cutoff wavelength is determined
by the material and the layer thickness. Spontaneous strained layers have been shown to form in
InSt/InAs) _,Sb, for mid-range x compositions which severely degrade the performance of the material.
GalnAs/InAs, although highly strained, offer some advantages as the GalnAs layer can be lattice
matched to GaAs substrates. Low background carrier concentrations (unintentional doping) are difficult
to achieve in both materials and it is desirable to reduce these to as low a value as possible to minimise
noise sources. Considerable work will be required to overcome the material problems and also low
temperature operation will be required.

In summary, InSb detectors are well established in the MWIR band and operate at low (77K)
temperatures. Their main advantages are high uniformity and mature fabrication technology. Non-
equilibrium techniques can be used due to low intrinsic noise sources, and when combined with optical
immersion, could lead to room temperature operation in the MWIR band. Extended operation to LWIR is
possible with SLS, although some materials probiems exist. Electronic non-equilibrium techniques are
only applicable to "bulk” material and cannot be applied to SLS (or multiple quantum wells).

(d) Multiple Quantum Wells

The developments of superlattice structures has provided possibilities for extending other III-V materials
into the far IR by construction of multiple quantum wells. A quantum well is formed by depositing a thin
(3-5 nm) semiconductor layer between two thicker (10-50 nm) barrier layers. This produces confined
states within the quantum wells of the semiconductor. Structures with IR absorption between a bound
state and the continuum can be constructed. A multiple quantum well is made by depositing a number of
layers, as shown schematicalily in Figure 8.
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| GaAs | AL3Ga7As GaAs/AlGaAs
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Figure 8. GaAs/AlGaAs MQW designed for maximum 10 um operation.

The peak absorption wavelength is dependent upon the material and the layer thickness. Table 5 gives an
indication of the absorption peak as a function of barrier thickness for a GaAs MQW. The optical
transition is between a bound state and the continuum. This results in an absorption width of the order of
1-2 pm. The SO nm sample was characterised by maximum detectivity of 4x10!3cm Hz!2w-! @ 6K
and was essentially constant to 50K before falling rapidly to 2x10!10cm Hz1/2w-1 @ 80K [23). This
high sensitivity is sufficient for most imaging applications, pixel non-uniformity being the limiting factor.
It has also been shown [40] that photoconductive gain in QW infrared photodetectors is possible for
particular designs. This should lead to improved detectivity.

Table 5. Peak shsorption vs barrier thickness (well thickness 4um)

Barrier thickness 30 nm 40 nm 50 nm

peak absorption um 1.5 8.3 8.5

GaAs MQWSs can be made to operate in the 3-5 pm band and up to 15 um. D* for the extended
wavelength operation was found to be 10%m Hz!/2W-! at 77K and increased to 10'2cm Hz!/2w-! at
33K {26]. In a further development, a GaAs/AlGaAs quantum well detector with a voltage tunable
spectral sensitivity at 3-5 and 8-12um has been reported {33]. The relative intensity of the photo
response in these two bands depends strongly on the bias voltage, demonstrating the potential for such a

structure to function as a two colour detector.
The potential advantages of GaAs MQW:s include:

(i) standard manufacturing processes,

(ii) high uniformity, high yield and well controlled MBE growth,
(iii) monolithic integration into GaAs signal processing electronics,
(iv) multi-spectral detection.

Excessive dark currents generated by thermionic emission at higher temperatures are a major problem
which lead to large non-uniformities in the detectivity of efements even though GaAs material is quite
uniform and impurity free [24]. Linear scanned arrays (10 elements) {30] with NEAT of <0.1K and 2D
arrays up to 128128 operating at temperatures less than 80K (Table 6) have been reported.

A further problem with multiple quantum wells is coupling the light into the detector. Selection rules

dictate that only photons with a component of electric field normal to the quantum well can excite
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Table 6. GaAs MQW type detectors.
Armay Ref A Top ) NEAT Readout
pm K cm Hz!12w-1 K
10%1 30 9 <80K 8x109@ 77K | <01
1x1013 @ 36K
128+128 31 79 7K 3.1x 1010 <10mK
128*128 28 17 <80K | 5.76x 109 @80K | 30mK | In bump bonded.
CMOS.
128*128 26 9 60K 10mK | In bump bonded.
Si multiplexer

transitions in n-type QWs and can therefore be absorbed. Typical detector geometries, where the IR
signal is normal to the surface, would have zero absorption for MQWs. Gratings or bevelled edges
{36,37] have been developed to couple the IR radiation to the detector (Figure 9). Bevelled edges, which
are only applicable to linear arrays have low optical coupling efficiency, (typically 0.2), caused by
inherent losses in the technique. Sawtooth gratings etched onto the substrate allow normal incidence with
the grating coupling light into the detectors quite efficiently (up to 90% grating efficiency). In p- type
QWs [38) all polarisation’s are allowed which makes them more favoured for normal incidence detectors.
A long wavelength, 7.9um peak detection has been demonstrated in a p- type GaAs quantum well with a
D”of 3.1 x 1010 cm Hz!/2W-! at 77°K [31,39]. This diode had a normal incidence quantum efficiency
of 28%. Indirect gap semiconductors (AlAs/AlGaAs) have also been made into MQWs. Such materials
show strong normal absorption between 5 and 20 um and may form excellent IR detectors {48).

(a) = MQW structure
450 . -
GaAs substrate
LWIR
e MQW structures

[—

"+ _ GaAs substrate

sawtooth grating .
* LWIR

Figure 9. Schematic MQW optical coupling schemes. (a) bevel edge (b) sawtooth grating.

In summary, GaAs/AlGaAs multiple quantum wells have demonstrated good sensitivity for PC detectors
with LWIR peak detection at low temperatures. Further improvements are expected. Two colour
operation also appears possible by simple biasing of the quantum well. Excessive dark currents are a
problem and require operating temperatures to be less than 80K. The advantages are. well understood
GaAs technology. ability to produce uniform material. and compatibility with Si technology. Tailored
band gap profiles are also possible with atomic control over layer thickness enabling selected infrared

detection from 3 to IS um.
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43 IV - VI (Lead Chalcogenides)

Lead salts (PbS & PbSe) were the first practical direct gap IR detector materials. Lincar arrays were
fabricated in the 1960s shortly after photolithography was developed. These were slow photoconductive
devices. In the 1970s PC CMT arrays were developed, having faster response times, thus allowing the
development of linear scanning arrays. Because of this, work on lead salts ceased. The properties of lead
salts which caused problems when compared to CMT in the 1970s were [41,42):

(i) high permittivity of IV-Vis make them too siow when used in scanning systems;
(ii) PC detectors were preferred to interface to electronics whereas, single crystal IV-V1 were
suitable for PV use due to their high carrier concentration;
(iii) IV-VIs are soft, difficult to handle and have a high thermal expansion coefficient:
(iv) they are less flexible in their use since different materials are required to cover the different
wavelengths required (Table 7).

Table 7. Cutoff wavelength for IV-VI materials.

Detector Cutoff wavelength pm.
PbS 3.0 (300K)
4.077)
PbSe 4.6 (300K)
7.0 (77K)
PbTe 4.0 (300K)
5.6 (17K)
PbS1.,Se, (x=0-1) 3-7
Pbj_(Eu,Se (x=0-=0.02) |7-3
Pby_,Sn,Se (x = 0-=0.2) 7 - 00 (77K)
Pby_,Sn, Te (x = 0-=0.4) 4 -0 (77K)

For PC detectors these problems were considerable in the 1970's, the period when first generation CMT
detectors were developed. However, two dimensional PV staring arrays are now preferred and the
perceived problems no longer exist. The speed of the 1V-VI material for staring arrays is satisfactory and
the higher permittivity means greater storage and hence greater dynamic range on the detector array. The
higher permittivity also allows a higher carrier concentration compared to CMT. This is more
controllable and the residual impurity level can be higher. The softness is not a problem once the arrays
are deposited on Si substrates and actually helps to overcome the thermal expansion problem by allowing
some stress reduction. Other advantages compared to CMT for staring arrays include:

(a) Material technology is easier and there is no material stability or diffusion (Hg) problem.
High composition uniformity is also achievable and the cutoff wavelength is less sensitive to the
composition of the semiconductor.

(b) The higher permittivity effectively shields the electric fields of charged defects making the
material fault tolerant. High performance sensors can be made from material with a high density

of lattice defects.
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(c) The optical absorption is higher and detectors can be made from thinner layers.

The detectors are MBE grown on Si substrates with stacks of CaF - BaF, bilayers for lattice matching.
These layers also help to overcome the thermal expansion mismatch between the substrate and detector
material. Linear sensor arrays of 66 and 256 elements [41,42) bave been made with standard Al
metallisation. A 256*1 array [44] has also been made by the deposition of PbSe on a single crystal quartz
substrate. This was then wire bonded to a standard Si CMOS multiplexer. Tabie 8 gives the performance
parameters for these arrays.

Table 8. Lead chalcogenide type detectors.

Array A Top D NEAT Readout
um K cm Hz2w-1 K
66*1 Pb;_.Sn,Se 10.5 7 8x 1010 @ 77°K Si VLSI
(& 256*1) integrated
256*1 PbSe [44] 53 190 335x 1010 02 Wire bonded
CMOS

In summary, arrays have been fabricated in PbTe, PbSe, Pby._xSn,Se, PbS, Pb;_,Eu,Se and PbS;_,Se,
with cutoff wavelengths between 3 and 12 um. At present IV-VI IR detectors are inferior compared to
CMT but it is believed [42] that improved fabrication processes will increase the performance.
Advantages are compatibility with Si VLSI processing, material homogeneity and that only thin layers
are required. Elevated operating temperatures are also believed to be possible. The main disadvantages
centre on the need for different materials to make MWIR and LWIR detectors. This lack of flexibility

makes fabrication of two colour detectors more difficult.

4.4 IV (Si based photo detectors)

Although silicon technology is mature, recent developments have shown that some further improvement
is possible. Silicon based materials have generally been used for visible and near IR (<1.25 um) detector
arrays due to the IR cutoff wavelength in silicon. Extrinsic Si, however, has a VLWIR cutoff when
cooled to 4K and has been used as a detector at these wavelengths. Platinum silicide (PtSi) was
developed as an IR detector and, using back side illumination, is characterised by a cutoff wavelength of
around 5.5 um. IrSi (Iridium silicide) can be used at slightly longer wavelengths. Low temperature
operation (77K) is required to reduce the dark current. These arrays generally have a very low quantum
efficiency (~0.1% at 5 um) but their high material homogeneity and pixel uniformity results in detectors
that out-perform more sensitive material [4]. By incorporating an optical cavity in the PtSi detector
structure, the quantum efficiency at lower wavelengths (2 -3 um) can be raised. Efficiencies approaching
10% have been obtained [55] at these wavelengths. Infrared cameras, using large PtSi arrays (512*512.
640*480), are currently in production and are available {64]. Visible and ultra-violet (UV) detection {49]
is also possible with these materials using front-side illumination. A four band 4096 element linear

detector integrated onto a single substrate utilising PtSi has been developed for remote sensing
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applications [50). The device is operated at 77K with bands centred on 1.655 pum, 2.065 pum, 2.190 um
and 2.335 pm.

Recently there have been further developments in Si based detectors to extend the cutoff wavelength into
the LWIR band. These new detectors are heterojunctions [51], strained layer superiattices (52] and a
simple homo-junction {53} structure. The hetero-structure is based on SiGe/Si and is characterised by a
quantum efficiency of around 1% (when operated at 77K) and a wavelength cutoff greater than 12 pum.
At lower temperatures the quantum efficiency reaches 34 % which is much greater than the "bulk” PtSi
or IrSi detectors. A strained layer superlattice based on Ge, Sij./Si shows an IR response out to 14 um
when operated at low temperatures (<77K). The silicon bomo-junction is a thin insulating layer placed
between two conductive layers. With this structure a potential barrier to electronic conduction is formed
between the two conductive layers. Absorption of infrared radiation by charge carriers, (for example,
electrons) can give the carriers enough energy to overcome the barrier. The detected current is a measure
of the infrared flux incident onto the junction. The beight of the potential barrier can be varied by
changing the layer thickness and doping. Cutoff wavelengths out to 13 um have been demonstrated at
low temperatures (50K). These three techniques will only work at low temperatures as the noise
increases dramatically with temperature. A room temperature Si based IR detector has also been
demonstrated [54]. The detector is based on the thermal properties of the Si diode junction and is a two
stage thermal detector. A separate absorbing layer is deposited on top of the junction to improve the IR
absorption. The sensitivity was not very high (D* = 6 x 105cm Hz12w-1 ). However, it was hoped that
with further development it would improve.

In summary, the great advantage of using Si based detectors is the mature silicon IC technology. These
systems may provide a high sensitivity, high uniformity, long wavelength IR detector and lead to very
large scale focal plane arrays in the 8 - 12 pm range. Low temperature operation will be necessary. PtSi
is a mature technology. The high uniformity of PtSi results in large high performance MWIR arrays that

out-perform more sensitive but less uniform material.

5. CONCLUSIONS

The choice of material for an IR detector is not straightforward and to a large degree depends upon the
required wavelength, the type of application and the desired operating temperature. The probable ﬂ

requirements for the next generation of infrared photon sensor can be summarised as follows:
(a) large format staring array (104 - 106 elements) operating at TV frame rates,

(b) large linear arrays (480*4 up to 4096*4) for wide angle viewing. q
(c) multi-spectral (3-5, 8-12 um) and multi band (UV - IR, IR - mm-wave) operation to increase
detection probability, reduce false alarm rates and perform automatic target
detection/recognition.

(d) focal plane processing for real time image analysis/identification. ﬁ

UNCLASSIFIED 21

..




SRL - 0117 -RR UNCLASSIFIED

(e) near room temperature operation,
(f) capability for multi-sensor device fusion.

Considering these requirements a number of points can be made in regard to the materials discussed:

(1) In the MWIR and LWIR band MQWs and strained layer superlattices have advantages at low
temperatures (<80K), mainly due to the high uniformity possible with GaAs. Also in the MWIR
band PtSi and InSb, both operating at 77K, have advantages due to their high uniformity. It has
been shown that pixel uniformity and not detectivity limits imaging quality with these materials.
The mature technology and electronic processing available with Si and GaAs is an advantage.

(2) CMT has advantages in LWIR operation. Material problems such as the intrinsic noise still need to
be solved and bonding of Iarge arrays to Si readouts is difficuit.

(3) For near room temperature operation in the MWIR band with narrow gap semiconductors,
electronic non equilibrium and optical immersion techniques will be required. InSb has the purity
and uniformity requirements for these two techniques. InSb/InA1Sb hetero-structures with optical
immersion may also be used for the MWIR band near room temperature due to its high uniformity
and mature materials technology. Muilti-spectral operation (LWIR) is not possible. Considerable
improvements in the growth of CMT will be needed to employ non-equilibrium techniques. LWIR
operation at near room temperature appears to be very difficult with current semiconductors.

(4) Other materials, (eg DMS, CdZnTe and the Pb-chalcogenides) are interesting but their present
development is limited. The Pb-chalcogenides are very interesting for array applications and may
have advantages over CMT in the LWIR band. Their future development should be monitored to
assess where the technology is leading.

In conclusion, advances in IR detector technology are occurring in materials improvements and in signal
processing. The materials improvements: non-equilibrium structures, micro-lenses, multiple quantum
wells, superlattices, are leading to higher temperaiare operation and the development of dual band
detectors. These improvements can be considered incremental in many cases and are providing improved
sensor operation. Major advances leading to significant (x10 - 100) improvements in detection or noise

levels are more difficult. Significant advances in signal processing can also be expected.

[
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